G raphene, the two-dimensional atomically thin carbon framework, is an impermeable material, 1 in addition to its possessing intriguing electrical, mechanical and thermal properties. 2À4 Graphene can be either derived from a topdown method, such as mechanical exfoliation, 5 or from bottom-up chemical vapor deposition methods. 6À8 However, neither of the two approaches have yet been scaled to large quantities as needed for composite applications. Graphene oxide (GO), synthesized by oxidation of graphite, 9 could be used as a substitute for graphene due to its similar, though more highly oxidized structure, and its affordability and potential for synthesis on a larger scale. Pure GO and its composite films have been shown to have improved gas barrier properties.
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However, the structure of GO includes many defects and holes that allow gas permeation. Furthermore, GO is unstable to water and it slowly degrades to small humic acid structures while generating acid. 16 Therefore, GO is not impermeable like graphene. The concept of adding impermeable fillers into a polymer matrix is to create tortuous paths for the gas molecules that are attempting to travel through the film. 17 Most work to date has focused upon how the filler's aspect ratio or configuration within the polymer matrix affects gas barrier properties. 12, 18 Graphene nanoribbons (GNRs) might be preferred gas barriers in composites since they, unlike GO, are stable to water, and they can be edge-funtionalized to improve processability without sacrificing the integrity of the basal planes.
In this work, we used hexadecylated GNRs (HD-GNRs) produced from in situ intercalation of Na/K alloy into multiwalled the edges make the ribbons easily dispersed in organic solvents. The resulting, somewhat foliated, HD-GNRs render the composite to be highly impermeable to gases.
Thermoplastic polyurethane (TPU) was the polymer matrix selected for the composites. TPU is comprised of linear block copolymers and is commonly used for coatings, adhesives, composites and biomedical applications. 20À22 It is synthesized from alternating hard and soft segments formed by the reaction of diisocyanates with diols. 23 The soft segments are composed of long chain polyester and polyether diols and the hard segments consist of diisocyanates and short chain extender molecules.
RESULTS AND DISCUSSION
The structures of GO, GNRs and HD-GNRs are shown in Figure 1aÀc . Because of the chemical exfoliation methods for producing GO, it has a variety of oxygen functional groups and physical defects in the basal plane that can result in unwanted gas diffusion. For GNRs, the graphitic structures are mainly preserved with a low concentration of defects. However, the problem with using GNRs as nanocomposite fillers is their poor dispersion in organic solvents. 24 To address these issues, HD-GNRs were synthesized (the hexadecyl aliphatic chains are orange in Figure 1c ). HD-GNRs have preserved graphitic domains with lower defect concentration than that of GO, as was confirmed by Raman spectroscopy (Figure 1d ). The G/D ratio of HD-GNRs is much higher than that of GO. In addition, the 2D peak of HD-GNRs was quite obvious, indicating good graphitic structure, but no 2D peak was observed in GO due to the defects and heavy oxidation of its basal plane. The solubility of GNRs and HD-GNRs in chloroform was tested and is shown in Figure 1e . The mixtures were the same concentration (1 mg/mL) and were sonicated for 5 min. The GNRs started to precipitate after 10 min, while the HD-GNRs were solution stable for 2 d. As noted, the HD-GNRs were derived from MWCNTs. Scanning electron microscopy (SEM) images of MWCNTs and HD-GNRs are shown in Figure 2a ,b. The flattened ribbon structures are 200À300 nm in width, a dramatic change from the MWCNTs (80 nm). Atomic force microscopy (AFM) measurement (Figure 2c ) indicates the thickness of the HD-GNRs was 36 nm, showing that they remain foliated, as we have seen in the past. 19 A transmission electron microscopy (TEM)
image of the HD-GNRs is shown in Figure 2d . The density of HD-GNRs is 2.1 g/cm 3 .
The composite films were made by solution casting (see Materials and Methods for full procedure). Figure 3a is a cross-sectional SEM image of a TPU/5 wt % HDGNRs composite film after sputtering 5-nm-thick gold on its surface for imaging. Figure 3b is a high resolution image of the same sample showing that the HD-GNRs are well-distributed within the TPU matrix. SEM images of TPU composite films at other HD-GNRs concentrations are shown in Supporting Information Figure S1 .
Adding nanoparticles to the TPU matrix can cause a phase separation of the hard and soft segments of the C polymer due to the interdomain interface and related free energy and entropy changes. 25 This has been observed by others by their adding nanoclays, 26 carbon nanotubes 27 and GO to TPU. 12 Phase separation was also detected in this work. The most common method for characterization of TPU phase separation is by Fourier-transform infrared (FTIR) spectroscopy to observe the CdO stretching within the hard segments of TPU. These CdO can either form hydrogen bonds with the NÀH groups in the hard segments or be non-hydrogen bond. The more hydrogen bonding, the higher the level of phase separation of the TPU. In the FTIR spectrum, the hydrogen bonded CdO appears at 1697 cm À1 while the free CdO stretching peaks at 1714 cm
À1
. FTIR spectra of a TPU control and the composite samples are shown in Figure 4a . As the concentration of HD-GNRs increased, the intensity ratio of hydrogen bonded CdO to free CdO increased, indicating the occurrence of phase separation.
Thermal stabilities of these composite films were characterized by thermogravimetric analysis (TGA). Interestingly, the thermal stability of TPU decreased while being heated from 250 to 340°C and then increased from 340 to 500°C. The decrease in thermal stability in the first temperature range may come from the thermal decomposition of HD-GNRs functional groups. 19 The HD-GNRs control sample suffered a dramatic weight loss that started at 150°C, and reached equilibrium after 300°C. Another reason for the weight loss may be due to phase separation. The decomposition of TPU has two stages: the hard segment decomposes in the first stage and the soft ARTICLE D segment decomposes in the second stage. 28, 29 When these two segments are mixed, the soft segment will have an inhibiting effect on the hard segment. However, phase separation isolates the segments and reduces the inhibiting effect, thus the thermal degradation increases as the phase separation increases in the early temperature range. In the second temperature range, the thermal stability increased at higher phase separations due to the lack of residual hard segments.
The mechanical properties of these composite films were characterized with static tensile tests and dynamic mechanical analysis (DMA). The stressÀstrain curves of the samples are shown in Figure 5a as a function of increasing HD-GNR weight fraction with a maximum observed at 0.5 wt % HD-GNR. Higher HD-GNR concentrations resulted in stress concentration, which led to a decrease in fracture stress.
The tensile moduli of these samples are summarized in Figure 5b , and the reinforcing effects of HD-GNRs on the modulus are similar to the stress level. The modulus increased and peaked at 1 wt % HD-GNRs, and then gradually decreased upon further filler additions. DMA testing was carried out from À100 to 100°C, and the storage modulus with respect to the temperature is shown in Figure 5c . The improved mechanical properties of the composite films are attributed to a synergistic effect of both the incorporated HD-GNRs and the phase separation; higher HD-GNRs concentration led to higher storage modulus. Tan δ (loss modulus/ storage modulus) peaks in Figure 5d deceases as more HD-GNRs was added, which means that the presence of HD-GNRs within the TPU matrix lowers damping capacity. In addition, the peaks at À60 to À50°C are associated with the glass transition temperature (Tg) of the soft phase of the TPU. In general, adding fillers to the ARTICLE polymer matrix should shift Tg to higher temperatures because the filler would restrict local polymer motions. However, the Tg of TPU was shifted to lower temperatures while adding HD-GNRs in this work. This is because phase separation of TPU causes fewer hard segments to be alongside soft segments, so that the motion of the soft segment becomes easier. The hindering effect of hard segments plays a more important role than that of HD-GNRs in determining Tg shift; this result has been observed in TPU/carbon nanotube composites. 27 The N 2 gas permeability of the TPU/HD-GNR films was characterized by measuring the time necessary for a known amount of gas at ambient conditions to diffuse through the film into a dynamic vacuum <3 Â 10 À3 mbar. The pressure drop was measured by a gas-type independent capacitive manometer. The reported effective diffusivities represent the average of three independent experiments for each sample, and the standard deviation was within (5%. The pressure drop curves of TPU and TPU/HD-GNRs composite films are shown in Figure 6a . The exponential decay function p(t) = C þ P 0 e Àt/τ was fitted to the pressure drop curves, where p(t) is the measured pressure (mbar), C is a constant, P 0 is the initial pressure in the reservoir (mbar), t is the time 
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For the TPU control sample, the total N 2 in the gas reservoir permeates through the film in about 100 s. When 0.1 wt % HD-GNRs was added, it took about 500 s for the N 2 to pass through. At 0.2 wt % HD-GNRs, the time increased to about 1000 s. Interestingly, no pressure drop was detected when TPU/0.5 wt % HDGNRs film was tested over a period of 1000 s. This dramatic change was seen as an effect of the HD-GNRs at a threshold concentration that provides very torturous paths for the N 2 to travel. This TPU/0.5 wt % HD-GNRs film became nearly impermeable because the pressure drop was undetectable over a short period of time under the conditions used. The pressure drop of the same sample over a longer time is shown in Figure 6b , and a pressure decrease to 875 mbar over 67 000 s was detected. Samples with HD-GNRs higher than 0.5 wt % were similarly impermeable to N 2 under the applied experimental conditions. The calculated D eff of these composites are summarized in Table 1 ; with 0.5 wt % HD-GNRs, the D eff of the composite film was decreased by 3 orders of magnitude when compared to pristine TPU film. Thereby, its permeability was decreased by at least 3 orders of magnitude (see Supporting Information for the details), which is the best gas barrier material shown in the literature, much better than that from phenyl isocyanate GO 12 (80 Â decrease at 3 wt %) and nanoclays 31 (∼14 Â decrease at 28 wt %). The extraordinary gas barrier performance of HD-GNRs is attributed to, first, the low defect GNRs structure producing a highly impermeable material that increases the barrier efficiency; this is the main difference between HD-GNRs and GO related materials that have more defects. Second, the HD-GNRs were well dispersed in organic solvents, which led to the uniform distribution within the TPU matrix. This uniform distribution of HD-GNRs created a very tortuous path for diffusion. It is certainly possible that a monolayer, low-defect graphene sheet could be the ultimate candidate for this type of application since the aspect ratio (width/ thickness) of the fillers also plays a very important role ARTICLE F in the gas barrier application. It has been well-known in the literature that higher aspect ratio fillers can create a more tortuous path for the diffusion gas so as to decrease the gas permeability through the composite films. 12, 26 The potential for improvement by using a low-defect, monolayer graphene is discussed in the Supporting Information.
CONCLUSIONS
HD-GNRs and TPU composite films were successfully made by solution casting, with HD-GNRs uniformly distributed within the TPU matrix. The incorporation of HD-GNRs produced TPU phase separation and enhanced the mechanical properties. The composite films also demonstrate high gas barrier efficiencies at low loadings, a result attributed to the structure of the low defect HD-GNRs and their uniform dispersion. HD-GNRs are now being mass produced, 32 and these structures should have impact in commercial applications ranging from food packaging to natural gas storage in lightweight composite pressure tanks.
MATERIALS AND METHODS
Materials. Commercial biomedical grade aliphatic, polyether-based TPU (Tecoflex EG 80A injection grade) was purchased from the Lubrizol Corporation (Wickliffe, OH). MWCNTs were donated by Mitsui & Co. (lot no. 05072001K28). Chloroform was purchased from Sigma-Aldrich. GO was synthesized using the improved Hummer's method. 9 Solution Casting of Composite Films. For gas permeation test samples, the total weight of the composite film was kept at 2 g at the different HD-GNRs concentrations, so the weight of TPU and HD-GNRs can be calculated accordingly. For a typical 0.1 wt % TPU/HD-GNRs composite film, HD-GNRs (2 mg) was added to chloroform (10 mL), followed by cup sonication (Cole Parmer, model 08849-00) for 5 min. TPU (1.98 g) was added to the HD-GNR solution, and the mixture was stirred for 2 h to obtain a homogeneous dispersion. The viscous solution was then poured into a homemade cylindrical steel mold (diameter = 8 cm and depth = 12 mm), and the mold was placed in a fume hood at room temperature for 10 h to allow the solvent to slowly evaporate. For mechanical testing samples, the total weight was lowered to 1 g for easier testing.
Mechanical Testing. Tensile testing was carried out using an Instron Electropuls E3000. The cross head strain rate was 100%/min. Dynamic mechanical analysis (DMA) was performed in a TA Instruments Q800 series apparatus in film tension mode. Film samples were rectangular, cut into dimensions of 15 mm Â 3.5 mm Â 0.08 mm. The temperature was ramped from À100 to 100°C at a rate of 2°C/min, 1 Hz frequency and 1% strain in air. The force track was set to 150% and the preload force at 0.01 N. Data was analyzed with TA Instruments' Universal Analysis 2000 software package.
Characterization Methods. SEM was performed on a FEI Quanta 400 high resolution field emission SEM; 5 nm Au was sputtered (Denton Desk V Sputter system) on the film surface before imaging. TEM images were taken using a 2100F field emission gun TEM with HD-GNR directly transferred onto a copper TEM grid. AFM image was obtained on a Digital Instrument Nanoscope IIIA AFM. Raman microscopy was performed with Renishaw Raman microscope using 514-nm laser excitation at room temperature. FTIR was measured using a Nicolet FTIR Infrared Microscope. TGA (Q50, TA Instruments) was carried out from 100 to 500°C at 10°C/min under argon. The density of HD-GNRs was calculated by using the weight of the HD-GNRs sample (0.1157 g) divided by the measured volume (0.054 cm 3 ), to give 2.1 g/cm 3 . A Sievert-type apparatus was used to measure the volume of the HD-GNRs sample after in situ pretreatment at 100°C under vacuum.
Gas Permeation Testing. The measured diameter of the films was 14.45 mm. Membrane thickness was 190 μm. Gas reservoir volume was 129 cm 3 . The reported effective diffusivities represent the average of three independent experiments for each sample. 
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